Animal contests can greatly impact individual fitness; therefore, the behavioral strategies used during contests have received much interest in both theoretical and empirical studies. Recent reviews of animal contest behavior have clarified the predictions for contest dynamics when individuals' behavioral strategies are based on influences of self, opponent, or both. These predictions mostly apply to natural or staged interactions between 2 competing animals, but studies of aggressive signaling behavior often use other methodologies. In particular, playback tests have been heavily utilized because they provide the investigator with powerful control over experimental conditions. My aims in this paper are 2-fold. First, I discuss how playback tests can be used to study animal contest dynamics. Specifically, I develop predictions for individuals' responses to playback tests that will allow investigators to discriminate between different contest strategies. By monitoring individual persistence, resource-holding potential (or its correlates as reflected in signal structure), and other behaviors in appropriately designed playback tests, I show that strategies based on influences of self, opponent, and both self and opponent can be discriminated. Second, I illustrate these methods with data from a playback experiment on male responses to acoustic signals in the gray tree frog, Hyla versicolor. Males' responses to playbacks of synthetic advertisement and aggressive calls that varied in call frequency indicated that both self and opponent characteristics influenced persistence in contests.
IntroductIon
Animal contests are of great interest to behavioral ecologists and evolutionary biologists both because success in contests may have a strong impact on an individual's fitness and because the means by which contests are resolved involve interesting behaviors that have been challenging to explain from a theoretical standpoint (Hardy and Briffa 2013) . A particular challenge has been to understand the use of the communication signals that are often given as part of the suite of ritualized behaviors that take place in aggressive interactions (van Staaden et al. 2011) , and in many cases appear to determine the outcome of the contest itself with no further escalation to physical combat (Maynard Smith and Price 1973; Maynard Smith 1974; Parker 1974) . Because this exchange of signals is often such an important component of animal contests, many theoretical models of contest behavior are based on the idea of opponent assessment (Parker and Rubenstein 1981; Hammerstein and Parker 1982; Enquist and Leimar 1983) . These models follow intuitively from the observations that animal signals are often variable (e.g., Alatalo et al. 1988; Gerhardt 1991) , that this variation is often related to the quality of the individual signaler (Searcy and Nowicki 2005) , and that an efficient way to resolve contests would therefore be for each individual to use signals to assess the qualities of its opponent relative to itself and use this assessment to make the decision of whether to persist in the contest or withdraw (Enquist and Leimar 1983) . However, there are alternative uses of aggressive signals in contests and the possibility that decisions related to persistence in contests are made without any evaluation of opponent quality has been raised in a number of recent reviews of animal contest behavior (Taylor and Elwood 2003; Arnott and Elwood 2009; Briffa and Elwood 2009; Elwood and Arnott 2012) . Among other things, these reviews and recent empirical studies have emphasized that the task of determining how contests are resolved is often challenging because natural contests can be highly variable in structure (Prenter et al. 2006; Elias et al. 2008; Hsu et al. 2008; Keil and Watson 2010) . Here, I expand on these ideas by 1) discussing how playback tests can be used to evaluate the significance of communication signals on contest structure, and in particular to determine the assessment strategy used by competitors, and 2) presenting an experiment that implements these ideas
Influences on contest dynamics
Typical studies of animal contests have focused on measuring the duration of staged or natural encounters between contestants that vary in a relevant quality that is correlated with contest outcome. This quality is often, although not necessarily, measured as the individual's resource-holding potential (RHP). RHP is a measure of the individual's ability to defend the resource under dispute during escalated contests and is influenced by a number of variables including size, condition, and experience (Parker 1974; Maynard Smith and Parker 1976) . Contest duration is a relevant variable because one of the major differences between different theoretical models of strategic contest behavior is that they make different predictions for the duration of contests depending on the relative influences of the qualities of the individual participants (Arnott and Elwood 2009; Elwood and Arnott 2012) . It is important to note, however, that contest duration is used as a proxy for the costs incurred in a contest; ultimately, it is the costs themselves that are expected to influence an individual's strategic contest behavior. Thus, other variables such as the intensity of the behaviors performed in a contest also will contribute to the costs incurred in contests and may be more appropriate measures of costs in some organisms.
Conceptually, self-assessment is a simple strategy in which individual persistence is determined solely by the accumulation of costs relative to some internal threshold and is entirely independent of any aspect of its opponent's actions or quality (Mesterton-Gibbons et al. 1996; Payne and Pagel 1996; Payne and Pagel 1997) . The internal threshold may be related to RHP in such a way that lower RHP individuals will have a lower threshold and thus will give up sooner than higher RHP individuals (Mesterton-Gibbons et al. 1996) . A more complex version of a self-assessment strategy is the cumulative assessment strategy in which individual persistence is based on an internal threshold and there is no assessment of the opponent's quality, but opponents are capable of inflicting costs that are included in the total costs that determine an individual's persistence in the contest (Payne 1998 ). This strategy is especially relevant in contests in which individuals engage in physical combat because here there are likely to be direct costs inflicted on an individual by its opponent (i.e., injuries accrued while fighting). Other strategies include some input from assessment of the quality of the opponent. Some empirical results suggest an "opponent-only" strategy in which individuals assess the quality of their opponent, either through its signals or through aspects of its fighting behavior, and make the decision to persist or withdraw from the contest based solely on the assessment of opponent quality (Rillich et al. 2007; Prenter et al. 2008; Reddon et al. 2011; Jennings et al. 2012) . Mutual assessment strategies take this a step further by positing that individuals make the decision to persist or withdraw from the contest based on their assessment of opponent quality relative to their own quality (Enquist and Leimar 1983; Enquist et al. 1990; Leimar et al. 1991 ). More complex strategies are possible, and in some cases, animals may use a mixture of strategies depending on the behavioral context (Briffa and Elwood 2004; Hsu et al. 2008; Moore et al. 2008) . Much recent research has been devoted to determining which strategies are used by different animal species based on measurements of individual RHP and contest duration (e.g., Morrell et al. 2005; Kemp et al. 2006; Stuart-Fox 2006; Briffa 2008) .
Playback tests as an alternative method
There are many situations where it is advantageous to study contests under more controlled conditions than those offered by natural or staged interactions. In these cases, particularly when the questions of interest are related to aggressive signaling, playback tests offer a suitable alternative experimental design. The basic aim of a playback test is to simulate a communication interaction by measuring the response of an animal to the experimental presentation of signals (McGregor 1992; McGregor 2000; Rosenthal 2010 ). Playback tests are most prevalent in studies of acoustic and visual communication, although they can also be used in other modalities (McGregor 1992; Oliveira et al. 2000a) . Aggressive communication interactions can be simulated by the playback of a relevant aggressive signal to an animal. This experimental design has been used in studies of aggressive signaling in a wide variety of animals (Wagner 1992; Greenfield and Minckley 1993; Reby et al. 2005; Caldwell et al. 2010; Templeton et al. 2012; Woo and Rieucau 2012) . Several studies used measurements of variation in response to playbacks as evidence for the use of a certain assessment strategy (e.g., Arak 1983; Schwartz 1994; Bee 2002; Burmeister et al. 2002; Reby et al. 2005) . However, as previously pointed out for studies of natural interactions, great caution must be taken before inferring certain types of assessment in animal contests (Taylor and Elwood 2003; Arnott and Elwood 2009; Briffa and Elwood 2009; Elwood and Arnott 2012) . Although recent reviews of contest behavior have clarified the predictions for the relationship between individual behaviors, RHP, and contest structure in staged interactions between 2 animals, similar general predictions have not been made for playback tests, in which only 1 animal participates against a simulated opponent. There are important differences between methods involving a simulated opponent and a real opponent, and thus, predictions made in 1 experimental context do not necessarily carry over to the other. Given the usefulness of playbacks in studies of animal behavior, an important question is "how can playback tests be used to determine the strategy used by animals in contests?" This question is the focus of this article, although I note that playback tests are also important experimental tools in studies of other aspects of aggressive signaling such as whether signals can be considered to be aggressive in the first place (Otter et al. 2002; Searcy et al. 2008; Searcy and Beecher 2009) , and signaling plasticity, learning and individual recognition in territorial-based aggression (e.g., Bee 2003; Brunton et al. 2008) .
I argue that reasonable predictions can be made by returning to the fundamental questions that are of interest in the study of aggressive communication. That is, although many models focus on the idea of assessment, the question of what animals actually "assess" is related to cognitive processes that, although interesting, are difficult to determine and are not entirely necessary to understand to make inferences on the processes by which aggressive interactions proceed (Prenter et al. 2006; Elwood and Arnott 2012) . Indeed, much can be learned about these processes by asking 2 more basic questions: 1) Is persistence in a contest affected by an individual's own quality? and 2) Is an individual's persistence in a contest affected by the quality of its opponent, or likewise, does an individual's quality influence its opponent's persistence? The latter question can be expanded to ask if and how an opponent's quality, as reflected in its aggressive signals, affects individual persistence. These questions are similar to those addressed in a model developed by Elwood and Arnott (2012) in which contest dynamics are described as the combination of different causal factors that, depending on the species in question, can encompass inputs from either the focal individual, its opponent, or both. Here, I describe the use of playback tests to quantify the strength of these inputs in empirical studies.
How can data from playback tests be used to determine the influence of individual and opponent RHP on contest behavior? I will use a verbal model of a simple hypothetical playback experiment, but one that is relevant to many animal contests as I later illustrate with some experimental data. For this hypothetical experiment, there is an aggressive signal that varies in a single characteristic thought to be important in shaping contest dynamics. For simplicity, I assume that the signals in question are honest on average, in other words that signal expression is correlated with individual RHP (Searcy and Nowicki 2005) . The playback thus involves presentations of signals with either high or low values of this characteristic. These stimuli are presented repeatedly to many animals that may signal in response and that ultimately respond by either fleeing from the signal or persisting. Because the playback is essentially "unbeatable," the experimenter must determine an appropriate criterion for ending the trial. Choice of this criterion should be based on obtaining an appropriate variable for the determination of contest strategies within the limitations presented by the behavior of the study organism. When contest duration is of interest, the simplest criterion is to allow playbacks to continue indefinitely until the subject withdraws. Under this criterion, each individual exhibits a clear response and can be classified as a loser of the interaction. Furthermore, this measure of contest duration allows for straightforward comparisons with the predictions of different models of contest strategies. However, this approach may not be feasible for all animals because individuals may eventually habituate to the presence of a nonescalating competitor (Brenowitz and Rose 1994) . Alternatively, the playback can be cut off at a predetermined threshold based on the expression of certain behaviors, such as escalating to a more aggressive signal or attacking the playback device. If these behaviors are not commonly expressed in the study organism, the experimenter could set a time threshold that determines how long an individual must remain involved in the contest before it can be considered a persisting individual. The duration of this threshold should be based on typical contest durations of the individual species under study.
Because different strategies differ in the expected contributions of self and opponent to the dynamics of the contest, the outcome variables should allow for independent measurements of these contributions. For the hypothetical playback experiment described here, the effect of opponent is relatively straightforward to measure. If individuals vary systematically in their response to simulated aggressive signals with different characteristics, then there is evidence that the opponent has an influence on the focal individual's behavior in contests. If this is not the case, then this may be evidence in favor of a self-influenced strategy. However, individuals may not respond to variation in signal characteristics for many reasons. For instance, the tested signal characteristic may not be as relevant to receivers as other untested characteristics, or the range of variation in the playback stimuli may not cover the range at which differences in the signal characteristic influence receivers' behavior. Measuring the effects of self (i.e., the contribution of the focal individual) can be somewhat more challenging but is usually straightforward if the determinants of RHP are known. In addition, theory suggests that in many cases signal characteristics will be correlated with RHP (e.g., Parker 1974; Enquist and Leimar 1983; Payne and Pagel 1996) , and thus, variation in RHP may be inferred indirectly by examining variation in the signal characteristics of the focal individual, particularly the same signal characteristics that are varied in the playback. If there is consistent variation among individuals in their response to the playback stimulus depending on individual RHP, or a correlate of individual RHP, then this can be taken as evidence for an influence of self on contest dynamics. A lack of evidence for an influence of self based on a hypothesized correlation between RHP and signal characteristics must be regarded more cautiously however, because this may simply indicate a failure to identify appropriate correlates of RHP rather than give evidence for opponent-only assessment (Elwood and Arnott 2012) .
The basic criteria are depicted graphically in Figures 1 and 2 . Each graph shows the relationships between own RHP, variation in the playback signal, and contest persistence. The predictions vary depending on the variable that describes the contest dynamics; choice of this variable will depend on the specific characteristics of the study species' contests. Here, I illustrate predictions for 2 of the most straightforward variables associated with variation in contest characteristics: 1) a binary variable denoting whether the individual either persisted or withdrew from the simulated contest within a set time threshold and 2) the amount of time for which individuals persisted in the contest. Depending on the specifics of the experimental design, these alternatives can be tested using standard regression and general linear modeling techniques.
When the binary outcome of persistence or withdrawal is the measured variable, the first step is to determine if individuals were more likely to withdraw in response to playbacks simulating a higher RHP opponent. This is illustrated by the solid line in Figure 1 and indicates whether or not there is evidence for an influence of opponent. The second step is to determine the slope and y-intercept of lines corresponding to the relationship between the simulated RHP of the playback and the RHP of the test subjects for individuals that either did or did not persist in response to the playback. An increasing influence of self is manifested as an increased distance between the 2 lines. When both self and opponent influences are operating, the 2 lines will additionally have a nonzero slope. This slope should be positive for both lines, because at low opponent RHPs, individuals with fairly low RHPs nonetheless will be likely to persist, whereas at higher opponent RHPs, only the highest RHP individuals will not withdraw from contests.
When persistence time is the measured variable, the relationships are depicted somewhat differently ( Figure 2 ). Persistence time is plotted against focal individual RHP with separate lines for responses to low-and high-RHP playback stimuli. The arrangement of outcomes in Figure 2 illustrates how variation in the influences of each of the participants in the contest is manifested in the behavioral response to playbacks. Each of the strategies can be envisioned as an endpoint on a continuum with axes corresponding to the relative influence of self and opponent on contest behavior (see also Prenter et al. 2006; Fawcett and Mowles 2013) The null hypothesis in this case is that of no influence. That is, decisions in the contest are based on neither the individual's own RHP nor that of its opponent. Moving away from this null hypothesis along the vertical axis reflects an increasing influence of own RHP on contest dynamics. This is manifested as an increased slope in the line describing the relationship between own RHP and persistence time. Individuals of higher RHP are expected to persist longer when there is an influence of self, so these lines should have a positive slope. Likewise, moving away from the null hypothesis along the horizontal axis reflects an increasing influence of opponent RHP on contest dynamics. This is manifested as increased distances between lines describing persistence time in response to a low-RHP stimulus and in response to a high-RHP stimulus. When both self and opponent have an influence on contest dynamics, movement will be along a diagonal and result in some form of mutual influence.
Because the playback method controls the simulated opponent's behavior, it avoids some of the difficulties associated with distinguishing between mutual and cumulative assessment strategies (Briffa and Elwood 2009 ). This is because in the cumulative assessment strategy, the damage inflicted by an opponent during combat is factored into the calculation of costs relative to an own-RHP-based threshold (Payne 1998) . Because the playback cannot inflict physical costs, cumulative assessment mediated by physical damage is essentially eliminated as a possibility in this experimental design. However, depending on the means by which signaling competition takes place in the study organism, it may still be difficult to discriminate between mutual and cumulative assessment in signaling interactions because some mechanisms of signaling competition may allow for opponents to inflict costs indirectly on their opponent. For instance, if the study organism's contest convention is that individuals match the production of an energetically costly display, then an individual that escalates its display production will inflict costs on its opponent by forcing it to keep up. In this case, the subject's behavioral response to playbacks as illustrated in Figures 1 and 2 would be the same under either cumulative or mutual assessment strategies (i.e., an influence of self and opponent). These strategies could still potentially be differentiated if the actual costs of signaling can be measured because in the case of signaling, both an individual's own expenditures and the costs inflicted by the opponent are measured in the same currency, overall cost of signaling. Because an individual using cumulative assessment has an own-RHP-based threshold, it is expected pay the same costs before withdrawing regardless of opponent quality. Therefore, in a playback design, there should be no relationship between simulated opponent quality and costs under cumulative assessment. Mutual assessment strategies are based on an assessment of own quality relative to opponent quality and the withdrawal decision is, therefore, influenced by the predicted costs of continuing in the interaction (Enquist and Leimar 1983) . Because these costs are not fully realized and because this assessment should be easier with a greater disparity between contestants, there is expected to be a negative relationship between costs incurred and playback quality; individuals will withdraw more quickly from better quality opponents. However, these comparisons can be applied to only a limited subset of signaling interactions and the distinction between these 2 strategies is in practice likely to be blurred in many cases. The
Figure 1
Predictions for a hypothetical playback experiment when different factors influence contest dynamics. (a) Influence of self only, (b) influence of both self and opponent, (c) no influence of self or opponent, and (d) influence of opponent only. These scenarios differ in the expected relationship between own RHP and the RHP of the playback stimulus for individuals that either persisted or withdrew from the playback (dashed and dotted lines; left y axis), and between playback RHP and the likelihood of withdrawal (solid line; right y axis). Dashed line represents individuals that persisted in the contest up to an experimentally defined threshold; dotted line represents individuals that withdrew before the experiment reached this threshold. For the "null" and "opponent" graphs, dashed and dotted lines are shown slightly spaced apart for clarity, but the prediction is that there is no difference between these 2 lines. These graphs depict qualitative relationships based on a verbal model; the overall patterns are significant, but the exact magnitude of specific lines on the graph should not be taken as meaningful.
problem of differentiating mutual and cumulative strategies is not unique to playback tests (Briffa and Elwood 2009 ), but, as described in this article, playback tests can nonetheless answer a fundamental question on the communicative significance of aggressive signals. That is, do an individual's aggressive signals have an influence on its opponent's persistence in a contest, and if so, in what way?
A special complication of determining contest dynamics via signaling behavior is that signals themselves are often plastic and vary with behavioral context (Gerhardt 1991) . Specifically, individuals often modify characteristics such as signaling effort when faced with increasing competition (Wells and Taigen 1986; Wagner 1989a; Franchina et al. 2001) . Thus, at first glance, it may seem difficult to make correlations between signal characteristics and RHP and use these data to interpret the results of playback tests. However, this issue can be resolved if the relationship between signal expression and behavioral context is well understood. Specifically, because of the controlled nature of playback tests, if there is a consistent pattern of signal plasticity, it can be inferred to be a response to variation in the playback stimulus. This in turn is an indication of an influence of the opponent on contest behavior, if not outcome. If signals are used as a correlate of RHP and signals are plastic, then the 2 lines in Figure 1 that depict the relationship between own RHP and playback RHP would attain a slope for the opponent-only condition. However, contests influenced by opponent only or by self and opponent can still be distinguished because there is expected to be an absolute difference between the RHPs of persisting and withdrawing individuals in contests influenced by both self and opponent, whereas there should be no such difference for contests influenced by opponent only.
This verbal model is meant to illustrate the continuities between these different strategies. The extent to which the differences between them can be quantified is unclear, but it would make an excellent subject for theoretical studies (Mesterton-Gibbons and Heap 2014), and in the meantime, it is an important factor to keep in mind for empirical work. In addition, it is important to keep in mind that the extent to which contest strategies can be inferred based on this model depends on the experimenter's ability to select the characteristics of the study organism that are relevant in determining contest dynamics. For example, as pointed out by Elwood and Arnott (2012) , many cases of apparent opponent-only assessment may simply indicate a failure to identify the relevant correlates of RHP, and it is unlikely that an individual's state does not influence its actions during the contest. Nevertheless, a comparison of experimental data on animal contests to the predictions of different hypothetical strategies is useful because this can indicate the relative effects of different influences on contest behavior as well as point to potential gaps in the understanding of the system under study. 
Behavioral Ecology

Advantages and disadvantages of playbacks
General considerations on experimental designs for playbacks have been discussed in detail elsewhere (e.g., McGregor et al. 1992 Gerhardt 1992 McGregor 2000; Oliveira et al. 2000b ) . Here, I will contrast the use of playbacks with studies of contests between 2 freely behaving animals. Both designs are suitable for studies of aggressive behavior and perhaps the best approach would be to utilize both methods when possible. Nonetheless, each design has its limitations, and it is important for experimenters to be aware of what types of questions can be addressed most readily with each. Most of these limitations stem from the trade-off between the more controlled playback tests and the more realistic natural interactions.
Playback tests allow great control over the stimuli presented to the animal. Synthetic signals can be designed that vary only in a single characteristic, which allows variation in responses to these signals to be attributable to the influence of that characteristic. In contrast, in natural interactions, the behavior of a focal individual could be a response to variation in any number of characteristics of its opponent. Even when these characteristics can be measured, there are strong possibilities for spurious correlations between an individual's response and its opponent's behavior. Partitioning variation in response to those characteristics that are actually important in determining the response may be difficult. However, there are some advantages to this approach because to the extent that many different characteristics can be measured simultaneously, the effects of each of these characteristics on behavioral responses can be assessed from the same set of experimental trials. In addition, the effects of multivariate variation in aggressive signals on behavioral responses can be relatively easily assessed. To measure variation along as many different characteristics with playback designs would require a much larger number of trials.
Likewise, although individuals often behave naturally in response to even very simplified playback scenarios, playbacks cannot easily simulate the interactive nature of actual contests. Even with interactive playback techniques (e.g., Dabelsteen and McGregor 1996; Schwartz 2001; Ord and Evans 2002; Butkowski et al. 2011) , the rules governing different playback scenarios are probably highly simplified compared with the actual determinants of escalation and other aspects of contest structure. As mentioned previously, a particular challenge is that playbacks cannot "lose" the interaction. Although one could conceivably stop the broadcast at different times to simulate an opponent giving up, this provides no useful information on the experimental subject's own behavioral strategy in that particular contest. However, the controlled nature of playbacks is also an advantage in this case. If contests are highly interactive affairs, it is extremely difficult to partition out effects of an opponent's behavior from effects of the focal individual's actions. Because this is often the goal of studies of behavioral strategies in contests (Briffa and Elwood 2010) , alternative methods using relatively fixed playback stimuli may be more interpretable because the effects on the focal individual can be clearly attributed to the playback signal. In addition, more complex playback routines that simulate multiple levels of escalation could give evidence for shifts in assessment strategy (Hsu et al. 2008) if individual responses show different relationships to the duration and level of escalation of individual components of the simulated interaction.
Finally, each method may be more suitable to certain types of contests. Specifically, playbacks are well suited to the study of contests that are limited to an exchange of communication signals, but are obviously difficult to implement in studies of physical combat. In some cases, animals can be induced to attack an artificial stimulus, and if the playback involves presentation of a physical model, there may be methods to vary relevant aspects of the model such as its mass in a way that basic aspects of RHP assessment in physical combat could be examined. However, injurious physical combat is likely not a good subject for playback studies for both logistical and ethical reasons.
Experimental data: responses to call frequency in gray tree frogs
To illustrate the use of playback tests as a tool to study animal contest dynamics, I performed an experiment in which I measured the behavioral responses of male gray tree frogs, H. versicolor, to variation in aggressive acoustic signals. Contests in gray tree frogs occur between males competing for calling spaces within breeding choruses (Fellers 1979) . Males are nonterritorial, and the size and location of a given male's calling space may vary both within and between nights (Fellers 1979; Ritke et al. 1990 ). Calling spaces do not include any resources used by females and males probably defend them because the calls of other nearby males interfere with their own signals; females are less attracted to calls with high levels of overlap (Schwartz 1987; Schwartz et al. 2001; Schwartz and Marshall 2006) . These contests involve the exchange of 2 distinct signal types 1) advertisement calls that are the primary call type that attracts mates but that also play a role in male-male competition and 2) aggressive calls that are used exclusively in aggressive interactions between males (Fellers 1979; Gerhardt 2001; Reichert and Gerhardt 2011) . Contests follow a typical pattern of escalation in which males first exchange advertisement calls and increase calling effort and call overlap with increasing escalation (Reichert and Gerhardt 2012; Reichert and Gerhardt 2013a) . Some interactions end at this stage, whereas many others escalate to an exchange of aggressive calls, and those interactions not resolved at this stage escalate to physical combat (Reichert and Gerhardt 2011) .
Previous studies of staged interactions revealed several key characteristics of contests in this species that are relevant for the present discussion: 1) Although physical fights were not uncommon, the majority of interactions were settled exclusively by the exchange of acoustic signals (Reichert and Gerhardt 2011) ; 2) Advertisement calls are involved in the early stages of contests (Reichert and Gerhardt 2012; Reichert and Gerhardt 2013a ) and, therefore, their role in determining contest dynamics is of interest; 3) There is evidence that the call frequency of aggressive calls plays a key role in determining both contest outcome and the level of escalation of contests (Reichert and Gerhardt 2013b) . Individuals with lower frequency calls were more likely to win, and lower frequency calls were associated with more escalated interactions. Thus, aggressive-call frequency may be a correlate of male RHP. Call frequency has been reported as an important parameter in the contests of many other anuran species (Davies and Halliday 1978; Arak 1983; Robertson 1986; Wagner 1989b; Bee et al. 1999) ; and 4) Although there was a weak positive effect of body size on contest success, this effect was limited to less escalated contests and there was no evidence for any form of assessment based on body size (Reichert and Gerhardt 2011) .
Methods
Experimental design
I used playback experiments to test whether characteristics of advertisement and aggressive calls influenced males' behavioral responses, and I looked for evidence of the influences of self and opponent on contest dynamics. These experiments were carried out from May-July of 2010 and 2011 using males captured from local populations in Boone County, MO and released into an artificial pond facility inside a greenhouse laboratory (described in Schwartz et al. 2001) . Males called nightly from the artificial pond, and individual males that called well were transported to the playback arena, located approximately 3 m outside of the artificial pond. Within the arena, the male was placed as close as possible to the playback speaker (typically 10 cm or less from the speaker). The speaker (Mineroff SME-AFS) was adjusted using a portable sound level meter (Radio Shack 33-2055) so that the sound-pressure level (SPL) of the playback stimulus at the position of the frog was approximately 107 dB SPL (fast RMS, C-weighting). This corresponds approximately to the expected SPL of a male H. versicolor advertisement call at 10 cm (Gerhardt 1975 ), a typical intermale distance observed during aggressive interactions. Playback stimuli were prepared synthetically using custom software provided by J. Schwartz and delivered to the playback speaker through a portable compact-disc player. The male's behavior was monitored by an observer seated outside of the arena, and all calls of the male were recorded onto a digital audio recorder (Marantz PMD660 and PMD661; 44.1 kHz sampling rate, 16-bit PCM files) using a directional microphone (Sennheiser ME-67) mounted on a boom directly above the calling male.
Each male was exposed to a playback of either synthetic advertisement or aggressive calls at 1 of 3 call frequencies (low, medium, or high; see online supplementary material). Other than frequency, calls had characteristics approximating the average values measured from previous recordings of males from this population (Reichert 2013) . Some characteristics of male calls, particularly pulse rate, vary with male body temperature (Gayou 1984) . Nonetheless, I did not adjust the pulse rate of the stimuli to match the male's body temperature because calls that vary in pulse rate will by necessity also vary in call duration. Because call duration, but presumably not pulse rate, affects males' responses to advertisement calls (Wells and Taigen 1986; Schwartz et al. 2002) and because males may interact with competitors of different body temperatures in the field, I used a constant pulse rate stimulus to avoid any confounding effects of call duration on response.
Playbacks were allowed to continue indefinitely until 1 of the 3 (mutually exclusive) criteria for ending the playback was reached. The first criterion was that the male gave advertisement calls continuously for at least 5 min. Males may or may not have given aggressive calls before this, but I terminated the playback only after they gave an uninterrupted string of advertisement calls. I considered this behavioral response to be the equivalent to persisting in an aggressive interaction; the majority (86%) of staged interactions in a previous study of H. versicolor ended in 5 min or less (Reichert and Gerhardt 2011) . The latter 2 criteria represented different ways in which males withdrew from the contest. First, some contests were terminated when the male sat near the speaker but did not call for at least 5 min. Second, other contests were terminated when the male moved away from the speaker by at least the length of the platform (approximately 30 cm). Because these criteria (remaining in place and calling, or withdrawing from vocal competition) roughly correspond to the behaviors used to define contest winners and losers in previous studies of aggressive behavior in H. versicolor (Reichert and Gerhardt 2011) , I use the term "contest outcome" to denote these variables in the analyses. Males were required to give at least 1 call after the beginning of the playback in order to be included in the analyses. I obtained data from a total of 20, 50, and 23 males responding to the high-, medium-, and low-frequency advertisement-call stimulus, respectively, and 20, 47, and 20 males responding to the high-, medium-, and low-frequency aggressivecall stimulus, respectively. Sample sizes for males responding to the medium-frequency advertisement and aggressive calls were larger because these stimuli were also used as controls for other playback tests that are not discussed in this study. Each male was tested in response to only 1 stimulus, and thus, all data points are independent of one another.
Following the conclusion of the playback test, I gave each male a unique toepad-clip to ensure individual identification and to prevent repeated testing. Males were monitored after this procedure and always resumed normal behaviors including advertisement calling within minutes. Males were frequently recaptured in the field months after the procedure, which suggests both that there were likely no significant long-term effects on individual survival and that a long-term marking procedure was necessary to avoid pseudoreplication.
Data analysis
I analyzed males' behavior in the playbacks as follows. First, I noted whether or not they gave aggressive calls. I determined the contest outcome, and for most analyses, I pooled males that went silent for 5 min or that moved away into a single category of individuals that "withdrew" from the contest. I also analyzed aggressive calls given by males in response to the playbacks. Specifically, I measured the magnitude of the dominant frequency peak of up to 10 aggressive calls given by males during the playback (not all males gave 10 aggressive calls) using Raven Pro 1.3 Software (Cornell Laboratory of Ornithology, Ithaca, NY) and used these values to calculate averages for each male. Aggressive-call dominant frequency is not correlated with body temperature (Reichert 2013) ; therefore, I did not correct for temperature or include this variable as a covariate in the statistical models. I also used the acoustic recordings to determine, for those males that withdrew, the amount of time they persisted before withdrawing. This was defined as the amount of time from the start of the playback until the end of the final call given by the male before it either went silent or moved away from the speaker.
To use these data to test the predictions outlined previously, I first used logistic regressions to analyze the effects of stimulus frequency on male responses (likelihood of aggressive calling and contest outcome). In either case, a differential effect of frequency provides evidence for an influence of the opponent on male contest behavior. In addition, I constructed general linear models in which the dependent variable was the aggressive-call frequency of the subject males and the factors were the stimulus frequency and the contest outcome. These models were used to test for the influences of opponent and self as outlined in Figure 1 . I generated a similar model to test predictions based on persistence time in contests (Figure 2 ). In this case, the dependent variable was persistence time, with playback stimulus as a factor and aggressive-call frequency as a covariate. In addition to examining the effects of call frequency on assessment, I was interested in differences in response to advertisement and aggressive calls. Thus, I used chi-squared tests to compare the frequency of different behaviors in response to either the medium-frequency advertisement or aggressive call. All statistical tests were 2-tailed (α = 0.05) and calculated with SPSS 16.0.1 software (SPSS Inc.)
results
Responses to advertisement-call frequency
The likelihood of males giving an aggressive call in response to advertisement-call playbacks was influenced by the frequency of the playback stimulus (logistic regression: χ 2 2 = 6.29, P = 0.04). Males were more likely to give aggressive calls in response to lowor medium-frequency advertisement-call playbacks than to highfrequency playbacks (Figure 3a) . Furthermore, the contest outcome depended on the frequency of the playback; males were more likely to withdraw from the simulated interaction if the playback stimulus was of low frequency (Figure 3b ; χ 2 2 = 8.02, P = 0.02). Very few males gave aggressive calls or withdrew in response to the high-frequency advertisement-call stimulus. Thus, for analyses of male call characteristics relative to the playback characteristics, I only included responses from males to either the low-or the medium-frequency playback stimulus. An initial full-factorial model revealed that the interaction term between stimulus frequency (low or medium) and contest outcome (persist or withdraw) was nonsignificant, and thus, it was removed from the model (F 1,36 = 0.79, P = 0.38). The final model showed that there was a significant difference in call frequency between males that gave up and those that persisted (F 1,37 = 6.3, P = 0.016), and between responses to the low-and the medium-frequency playback (F 1,37 = 5.2, P = 0.028). Males that persisted had lower frequency aggressive calls than those that gave up, and on average, males gave lower frequency aggressive calls in response to playbacks of low-frequency aggressive calls (Figure 4a ). There was no effect of either playback stimulus frequency or the frequency of males' aggressive-call responses on persistence time (stimulus: F 1,25 = 0.22, P = 0.64; response call frequency: F 1,25 = 0.58, P = 0.45). However, persistence time was highly variable (mean ± standard deviation; response to averagefrequency stimulus: 135 ± 159 s, n = 18; response to low-frequency stimulus: 90 ± 78 s, n = 10) and, with the sample by definition limited to those males that actually gave up, the power to detect such an effect was relatively limited.
Responses to aggressive-call frequency
As with responses to advertisement calls, males were more likely to give aggressive calls in response to lower frequency aggressive-call playbacks (Figure 3a ; χ 2 2 = 7.06, P = 0.03). However, there was no difference in the contest outcomes of males exposed to the different aggressive-call playback stimuli (Figure 3b ; χ 2 2 = 0.37, P = 0.83). I analyzed a general linear model excluding the high-frequency aggressive-call stimulus because few males responded to it with aggressive calls or by withdrawing from the contest. In this case, there was some indication of an interaction effect between the stimulus and the contest outcome on male aggressive-call frequency, although this did not reach statistical significance (F 1,27 = 3.7, P = 0.07). There was no main effect of either the playback stimulus (F 1,27 = 2.9, P = 0.1) or the contest outcome (F 1,27 = 0.96, P = 0.3) on male aggressive-call frequency. There were relatively large differences in aggressive-call frequencies between males that gave up and males that persisted in response to the medium-frequency aggressive-call stimulus, but essentially no difference between these 2 categories in response to the low-frequency aggressive-call stimulus ( Figure 4b ). As for responses to advertisement calls, the persistence times in response to aggressive calls were highly variable, and the sample sizes were even smaller for responses to aggressive-call stimuli (mean ± standard deviation; response to average-frequency stimulus: 110 ± 85 s, n = 6; response to low-frequency stimulus: 227 ± 102 s, n = 4). I found no evidence that stimulus or focal male call frequency explained variation in persistence time (stimulus: F 1,7 = 3.5, P = 0.1; response call frequency: F 1,7 = 0.52, P = 0.49).
Differences in response to advertisement and aggressive calls
Males were more likely to give aggressive calls in response to the medium-frequency advertisement-call stimulus than in response to the medium-frequency aggressive-call stimulus (Figure 3a ; χ 1 2 = 6.4, P = 0.01). In addition, males that were exposed to the medium-frequency advertisement-call stimulus were more likely to withdraw from the contest than males exposed to the medium-frequency aggressive-call stimulus (Figure 3b ; χ 1 2 = 12.3, P < 0.001). However, males that gave aggressive calls were in general more likely to withdraw (28 out of 50 males that gave aggressive calls withdrew from the contest compared with only 10 withdrawals among the 47 males that did not give aggressive calls; χ 1 2 = 12.3, P < 0.001). Thus, when no aggressive calls were given, there was no difference in contest outcome between males exposed to the Figure 3 (a) Proportion of males that gave aggressive calls in response to each playback stimulus. (b) Proportion of males that withdrew from the playback by either moving away or remaining in place but ceasing calling behavior in response to each playback stimulus. White bars, responses to advertisement-call stimuli; gray bars, responses to aggressive-call stimuli. n = 20, 50, and 23 males responding to the high-, medium-, and low-frequency advertisement-call stimulus respectively; n = 20, 47, and 20 males responding to the high-, medium-, and low-frequency aggressive-call stimulus, respectively. medium-frequency advertisement-and aggressive-call stimuli (response to advertisement calls: 6 of 18 males withdrew; response to aggressive calls: 4 of 29 males withdrew; χ 1 2 = 2.5, P = 0.11). Nonetheless, for males that gave aggressive calls, they were more likely to withdraw from the contest when the playback stimulus was the medium-frequency advertisement call than when it was the medium-frequency aggressive call (response to advertisement call: 22 of 32 aggressive calling males withdrew; response to aggressive call: 6 of 18 aggressive calling males withdrew; χ 1 2 = 5.9, P = 0.02). In general, when males withdrew, they were as likely to do so by moving away from the speaker as by remaining in place but ceasing to call (χ 1 2 = 0.61, P = 0.43). There was, however, some evidence for a difference in this response between males exposed to advertisement and aggressive calls, although this did not reach statistical significance (Fisher's Exact test, P = 0.06). Nine of the 10 males that withdrew from playbacks of the medium-frequency aggressive call did so by moving away from the speaker, whereas males that withdrew from playbacks of the medium-frequency advertisement call were equally likely to move away from the speaker or remain in place but cease calling (n = 14 males apiece).
dIscussIon
Influences of self and opponent
The primary goal of the experiment was to determine the relative influences of variation in the characteristics of the playback stimuli and variation in potential correlates of individual RHP on persistence in a simulated competitive encounter. For responses to advertisement-call playbacks differing in frequency, the interpretation is relatively straightforward if it can be assumed that aggressive-call frequency is related to RHP. A previous study suggests that this is indeed the case (Reichert and Gerhardt 2013b) . In this case, the results match well the predictions for mutual influences of opponent and self as illustrated in Figure 1 . Individuals that persisted tended to have a higher RHP than those that withdrew from the contest, indicating an influence of own RHP on contest persistence.
Likewise, there appeared to be an influence of the opponent's signals on contest persistence. Individuals were more likely to withdraw from playbacks of lower frequency advertisement calls, and there were differences in both the likelihood of giving aggressive calls and the frequency characteristics of those calls in response to the different playback frequencies. The playback results were, however, uninformative with respect to predictions on the duration of contests as illustrated in Figure 2 . As in a previous study of staged contests (Reichert and Gerhardt 2011) , contest durations were extremely variable in response to playbacks. There is no obvious relationship between contest duration and characteristics of either the individual's or its opponent's morphology or vocalizations (Reichert and Gerhardt 2011; Reichert MS, unpublished data) , and contest duration may simply not be a useful outcome variable in this species. Nonetheless, the inconclusive data on contest duration do not weaken the inference that influences of both self and opponent affect the dynamics of H. versicolor contests because these variables clearly influenced which individuals persisted or withdrew from contests.
Advertisement calls likely represent the earliest stage of the contest; nearly all transitions to aggressive calling are elicited by an advertisement call. Thus, the situation simulated here in which the aggressive responses of the focal individual are given to the advertisement calls of the speaker is a realistic one. The results suggest that the decision to perform more aggressive behaviors, and to persist or withdraw in the early stages of the contest, is based on both the individual's own RHP and the characteristics of the opponent's signals. This finding corresponds with results from previous studies (Reichert and Gerhardt 2011; Reichert and Gerhardt 2013b ) that showed that individuals that won contests in which only 1 of the 2 males gave aggressive calls had lower frequency calls and were larger in body size (which correlates with call frequency). The relationship between RHP and the signals of focal individuals may not be constant because aggressive-call frequency is known to vary with the level of escalation in contests. Nevertheless, I argue that these results demonstrate an influence of own RHP on contests because Average dominant frequencies of aggressive calls given by males that either persisted (dashed lines) or withdrew from (dotted lines) playbacks of (a) advertisement calls and (b) aggressive calls. Error bars depict ±1 standard error. Note that the axes are reversed with respect to frequency in order to correspond with those of Figures 1 and 2 ; low-frequency calls likely correspond to higher RHP. Sample sizes: low advertisement-call frequency, persisted, n = 4; low advertisement-call frequency, withdrew, n = 10; medium advertisement call frequency, persisted, n = 8; medium advertisement-call frequency, withdrew, n = 18; low aggressive-call frequency, persisted, n = 9; low aggressive-call frequency, withdrew, n = 4; medium aggressive-call frequency, persisted, n = 12; medium aggressive-call frequency, withdrew, n = 6.
both a previous study of staged contests (Reichert and Gerhardt 2013b) and these playback experiments show that despite this plasticity there were consistent differences in call frequency between individuals that persisted and those that withdrew from contests.
Aggressive responses of males to playbacks of aggressive calls represent a more intense form of competition. In this case, the interpretation of the influences of self and opponent on the behavioral response was less straightforward. Although males were more likely to give aggressive calls in response to low-frequency aggressive-call stimuli, the effects of stimulus frequency on the decision to persist or withdraw from the interaction did not fit cleanly into any of the predicted outcomes described in Figure 1 . There was no relationship between playback call frequency and the proportion of males that withdrew from the playback, suggesting that opponent frequency may not have an effect on this decision. Nonetheless, there was some evidence of an interaction between the likelihood of withdrawing from the contest and opponent RHP on the signals of focal individuals. Differentiating between the responses of individuals that persisted and those that withdrew may help clarify the significance of these data. For individuals that withdrew, the call frequency given in response to the medium-frequency playback stimulus was much higher than that given in response to the lowfrequency playback stimulus. For individuals that persisted, call frequency was low in response to either stimulus. This may suggest differing strategies for persistence at different levels of contest intensity. Individuals that withdrew represent contests in which individuals exchange aggressive calls but go no further. In this case, because the line depicting the relationship between playback frequency and own call frequency has a strong slope (Figure 4b ), there appears to be some evidence for an effect of both self and the opponent on contest outcome. Nonetheless, this effect must be considered weak at best given the overall effects of playback frequency on the likelihood that males withdrew. Individuals that persist in exchanges of aggressive calls with playbacks are likely to be those individuals that would escalate to physical combat in natural interactions. Thus, there may be little evidence for an influence of self or opponent for these individuals because such escalation may involve additional, unknown, components of RHP, and because physical combat could not be simulated with this experimental design. Behavioral strategies in animal contests are not always fixed across all contexts (e.g., Elias et al. 2008; Hsu et al. 2008 ). The possibility that H. versicolor switches strategies with increasing contest intensity is reasonable because different characteristics probably determine the outcome of signaling contests and physical fights (Reichert and Gerhardt 2011; Reichert and Gerhardt 2013b) . I found that male H. versicolor was more likely to give aggressive calls to playbacks of lower frequency calls, presumably simulating higher RHP opponents. However, the likelihood of aggressive signaling was not considered when developing the predictions for the various models of contest strategies because clear predictions are unavailable for the direction of change in the likelihood of aggressive responses with increasing opponent RHP, and for how this variation in response is related to contest outcome. Several empirical studies showed that animals increased their aggressive responses to more threatening competitors (Naguib et al. 1999; Burt et al. 2001; Leitão and Riebel 2003) , whereas many others showed the opposite (Oliveira et al. 1998; Mennill and Ratcliffe 2004; Hardouin et al. 2007) . Hyla versicolor appears to fall into the former category, and it was notable that males that responded aggressively were ultimately more likely to withdraw from the contest. Thus, in some sense, the data on likelihood of aggressive calling could be interpreted as indicating an effect of opponent (difference in response to different stimuli) and self (difference in contest outcome depending on aggressive response) on contest characteristics, although the data relating RHP to contest outcome are more straightforward to interpret in relation to models of contest strategies.
Differences between call types
Both advertisement and aggressive calls elicited aggressive responses from males, but there were unexpected differences in males' responses to these stimuli. Perhaps the most surprising finding was that advertisement calls were more effective both at eliciting aggressive calls and at causing the subject males to withdraw from the contest. This result is difficult to explain because, if advertisement calls are more effective at driving away rivals, then it would not be expected that males would switch to aggressive calls as the intensity of competition increases. This is a particular challenge because females are more attracted to advertisement calls than to aggressive calls (Gerhardt et al. 2007 ). One possibility is that, as discussed previously, the relative importance of signals in the process of assessment may vary with contest escalation such that behaviors expressed during early stages of escalation are more directly influenced by the opponent's signal characteristics than those expressed during later stages, where there may also be influences of other aspects of opponent RHP that were not simulated by the playback design. Likewise, the noninteractive nature of these playbacks may have played a role. Many males gave aggressive calls to the advertisement call playback, but the playback stimulus did not change in response. Perhaps males were more likely to give up simply because the simulated opponent failed to respond to their challenge. This could be confirmed with interactive playbacks. In the meantime, however, I consider this unlikely because many aggressive interactions in this species are similar to these playback tests in that only 1 of the 2 individuals ever gives aggressive calls (Reichert and Gerhardt 2011) . Importantly, the individual that persists in these types of contests is not necessarily the one that gave the aggressive calls (Reichert MS, unpublished data) . From a functional perspective, it may be that the advertisement-call stimulus elicited stronger responses from males because these calls contain more overall calling energy than aggressive calls. If aggression is more likely to be elicited by especially intense stimuli, as it tends to be for variation within call types in anurans (e.g., Wells and Schwartz 1984; Brenowitz 1989; Wells 1989) , this could partially explain the difference in response to these 2 call types.
None of these possibilities, however, provide a satisfactory explanation for why males give aggressive calls in the first place. An intriguing possibility was suggested by a more detailed analysis of the decisions of males in response to playbacks. In particular, I found evidence suggestive of a difference in the behavior of males that withdrew from playbacks of the 2 different stimulus call types. Males that withdrew from playbacks of aggressive calls tended to do so by moving away from the playback speaker. In contrast, males that withdrew from playbacks of advertisement calls often ceased calling but remained in position near the playback speaker. It is possible that such males could act as satellites if a female were to approach, and thus may represent a potential threat to the winner's mating success (Halliday and Tejedo 1995) . Although it is unclear why males are more likely to withdraw by moving away from playbacks of aggressive calls, that they do this may partially explain why aggressive calls are used in the first place. A previous study of staged interactions in H. versicolor also showed that losers
